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ABSTRACT

As part of acontinuing study of associated mixtures, we compare the abilities of two
solution models to represent vapor-liquid equilibria for binary mixtures of alcohols.
Specifically, we compare mobile order theory, in which the degree of association is governed
by the fraction of time for which amolecule is free of hydrogen bonding, to the
Kretschmer-Wiebe model, in which hydrogen bonding is modelled classically by chemical
equilibria. Both models contain parameters which reflect physical interactions, self-
association and cross-association and both contain the same number of adjustable
parameters. In addition to comparing the abilities of each model to represent VLE data, we

examine the temperature dependence of the model parameters.
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Introduction

The application of association models to vapor-liquid equilibria of
a cohol +hydrocarbon systems has been the topic of numerous studies. However, most work
has focused on binary alkanet+alcohol systems and less attention has been given to binary
alcohol+alcohol systems. One might think that the nearly ideal behavior of these systems
does not justify the complication of using an association model to calculate their phase
equilibria. However, it must be kept in mind that any association model applied to a system
comprised of an arbitrary number of associating and nonassociating species must reduce to
the appropriate behavior for each of the constituent binary systems. Therefore, itis
important that such models be tested with alcohol+alcohol systems as well as alkane+al cohol
systems.

In this work, we compare the abilities of two association models, the Kretschmer-
Wiebe model [1,2] and mobile order theory [3-7], to represent vapor-liquid equilibrium of
binary acohol+alcohol systems. In the Kretschmer-Wiebe model, alcohol molecules are
assumed to form hydrogen-bonded complexes in solution and the distribution of these
complexes is determined by classical chemical equilibria. In mobile order theory, the
contribution of hydrogen bonding to the excess Gibbs free energy is expressed in terms of
the fraction of time that a given molecule is free of hydrogen bonding.
Theory

We present here the Kretschmer-Wiebe and mobile order expressions for the excess
Gibbs free energy of binary acohol (A)+alcohol(B) mixture. We assume for both models

that the excess Gibbs free energy can be expressed as a sum of contributions due to chemical



and physical effects and that the physical contribution for each isin the form of the

Scatchard-Hildebrand regular solution model:
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where 3,5 is a parameter which reflects physical interactions between acohols A and B.
The size parameter r, of speciesi (i=A,B) is defined arbitrarily by r, = (Vi/V yeon) 303,15« Where
V;and V,,o are saturated liquid volumes of pure liquid i and of methanol, respectively.
The volume fraction of a speciesi (i=A,B) is defined by
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For mobile order, the chemical contribution to the excess Gibbs free energy [8] is given by:
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where K, and K, are self-association constants for alcohols A and B and where K .z isa
Cross-association constant.
For the Kretschmer-Wiebe model, the chemical contribution to GF may be written

[9] as:.
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where Z, and Z; are found from simultaneous solution of
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and where K™, K'gg, and K, are association constants anal ogous to those described
above for mobile order theory. Application of the Kretschmer-Wiebe model to binary
alcohol+alcohol mixtures requires an iterative solution for the quantities Z, and Z; The
quantities Z°, and Z°; are obtained by applying equation (5) to pure A and equation (6) to
pure B and do not require iteration.

For abinary acohol (A)+acohol(B) system, each model contains four adjustable
parameters K™, (or K ,,), K'gg (0r Kgg), K sg (0r K ,g) and B,s. However, the two self-
association constants K™, , and K g (or K ,, and K ;) are best obtained from VLE data for
binary alkanetacohol systems which contain the alcoholsin question. This leaves only the
cross-association constant K” . (or K ,5) and the physical parameter 5 to be determined
for each alcohol+acohol binary. However, since the values of these two parameters will

depend somewhat on the chosen values of the self-association constants, some attention will



be given here to akanetalcohol systems. Although written above for the case of a binary
alcohol+alcohaol system, both models may be applied to alkane(A) + acohol (B) systems
simply by setting K™, , and K™ .5 (or K, and K ,5) to zero.

Application to Alkane(A)+Alcohol(B)

In a previous application [10] of the Kretschmer-Wiebe and mobile order modelsto
alkanet+a cohol binary systems, the same enthapy of hydrogen bonding (assumed constant)
was used for both models. Since one of our goalsisto examine the temperature dependence
of the model parameters, these assumptions should be examined.

To thisend, severa sets of VLE datafor akanet+acohol systems which covered at
least a50 K range in temperature were compiled. Using Barker's method, in which the sum
of the squares of the differences between measured and calculated pressures is minimized,
each model was fit to each data set with the results given in Table 1. For mobile order, self-
association constants are reported as dimensionless numbers K'yg = Kgg/Vg. The overall
average percent deviations in pressure given at the bottom of the table indicate, consistent
with earlier work, that the Kretschmer-Wiebe model provides a better representation. In
addition, use of the mobile order model sometimes resultsin a negative value for the
physical parameter 5

The self-association constants given for both models in Table 1 were scaled to their
values at 303.15 K and were plotted as a function of reciprocal temperature in Figure 1.
Severa important observations can be made. First, the predicted enthalpy of hydrogen
bonding H° (related to the dopes of the curves shown in Figure 1) is model -dependent and

is afunction of temperature for both models. However, for both models, H° appearsto be



the same function for each alcohol.
Assuming alinear relation between H° and temperature results in the following

temperature dependence for the acohol self-association constants:
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where K= K’ or K'z; and where K 4 is the self-association constant at a reference

temperature T, Equation (7) was fitted to the self-association constants shown in Figure 1
with the following results: For mobile order, a=-3987.2 K and b=-17.659, and for
Kretschmer-Wiebe, a=-5923.0 K and b=-27.573.

Equation (7) was used to draw the smooth curves shown in Figure 1. It was aso
used to evaluate H° at 298.15 K for each model, resulting in avalue of -19.1 k¥mol for the
Kretschmer-Wiebe model and -10.6 kd/mol for the mobile order model. Vaues reported in
the literature for the enthalpy of hydrogen bonding for alcohols generally fall between 20 and
25 kJmol.

Size parameters and self-association constants for each acohol examined here are
listed in Table 2. These were obtained from VLE data for alkane+alcohol systems at the
temperatures indicated in the table. When applied to acohol+alcohol systems at other
temperatures, the self-association constants are corrected to the new temperature using
equation (7).

Application to Alcohol(A)+Alcohol(B) Systems

Using previously determined self-association constants, Barker's method was used to



evaluate K’ ,; (or K ,5) and B 5 for the alcohol+alcohol systems shown in Table 3. Rather
than list cross-association constants directly, a cross association parameter C,g, defined

through

Kag = Cag KanKgs @)

isreported. HereK; iseither K'; or K. AsTable 3 indicates, both methods provide an
excellent representation of vapor-liquid equilibrium for most of the alcohol+acohol systems.
The Kretschmer-Wiebe model is dightly more accurate at the expense of requiring an
iterative solution for the monomeric concentrations.

For mixtures in which both alcohols are primary, both models yield values of C,g
close to unity, suggesting that the geometric mean assumption for K 5 is reasonable for this
case. However, for mixtures in which one of the components is a secondary or atertiary
alcohol, deviations from the geometric mean rule may be significant for both models, asis
indicated by the last seven systemsllisted in Table 3. It should be noted also that the mobile
order model yielded negative values of the physical parameter 3, for two systems
containing tertiary alcohols.

Since the enthalpy of hydrogen bonding apparently is alcohol-independent, it is
reasonable to suppose that the enthalpy of cross-association would be the same as for self-
association. Thiswould predict that C,g isindependent of temperature. Values of C,; and
B g derived from VLE data for alcohol + 1-decanol systems are plotted for both models as
functions of temperature in Figure 2. It is observed that both parameters appear to be

largely independent of temperature. Assuming such should allow reasonable estimation of



VLE for alcohol+alcohol systems but would probably not be accurate for the estimation of
heats of mixing.
Conclusions

The Kretschmer-Wiebe and Mobile Order models provide an adequate
representation of vapor-liquid equilibrium both for alkanet+alcohol and alcohol +al cohol
systems. The Kretschmer-Wiebe model is dightly more accurate but requires, when more
than one alcohol is present, an iterative solution for the monomeric concentrations. The
models predict different (but apparently a cohol-independent) values for the enthalpy of
hydrogen bonding.

For acohol+alcohol mixtures, there islittle dependence of the parameters C,; and
B s ON temperature and, when both alcohols are primary, the geometric mean rule appears to
hold for each model. Application of the mobile order model sometimes results in a negative
value for the physical parameter $,5. Thisis of no consequence in using the model to
represent VLE data but it might prove problematic when attempting to correlate this
parameter with other physical properties.
References
[1] C.B. Kretschmer and R. Wiebe, J. Chem. Phys., 22(1954) 1697-1701.
[2] H. Renon and J.M. Prausnitz, Chem. Eng. Sci., 22(1967) 299-307.
[3] P.L. Huyskens and G.G. Siegdl, Bull. Soc. Chim. Belg., 97 (1988) 821-824.

[4] G.G. Siegdl, P.L. Huyskens and G. Vanderheyden, Ber. Bunsenges. Phys. Chem.,
94 (1990) 549-553.

[9] P. Rudle, C. Rey-Mermet, M. Buchman, H. Nam-Tran, U.W. Kesselring
and P.L. Huyskens, Pharm. Res., 8 (1991) 840-850.



[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

P. Ruelle, M. Buchman, H. Nam-Tran and U.W. Kesselring, Int. J. Pharm.,
87 (1992) 47-57.

P. Rudlle, M. Buchman, H. Nam-Tran and U.W. Kessalring, Pharm. Res,, 9
(1992) 788-791.

A.l. Zvaigzne, J.R. Powell, W.E. Acree, Jr. and SW. Campbell, Fluid Phase Equil .,
121 (1996) 1-13.

S\W. Campbell, Fluid Phase Equil., 102 (1994) 61-84.

JR. Powell, M. E. R. McHale, A.-S. M. Kauppila, W. E. Acree, J., P. H. Flanders,
V. G. Varanas and S. W. Campbell, Fluid Phase Equilibria (in press)

J.L. Reimers, V.R. Bhethanabotla and SW. Campbell, J. Chem. Eng. Data,
37 (1992) 127-130.

R.A. Wilsak, SW. Campbell and G. Thodos, Fluid Phase Equilibria, 33 (1987)
157-171.

SW. Campbell, R.A. Wilsak and G. Thodos, J. Chem. Thermodyn., 19 (1987)
449-460.

C. Berro, R. Deyrieux and A. Peneloux, J. Phys. Chim. Phys.-Chim. Biol., 72 (1975)
1118-1123.

S.A. Wieczorek, J. Chem. Thermodyn., 11 (1979) 239-245.
C. Berro and A. Peneloux, J. Chem. Eng. Data, 29 (1984) 206-210.

J. Polak, S. Murakami, V.T. Lam, H.D. Pflug and G.C. Benson, Can. J. Chem.,
16 (1970) 2457-2465.

D.P. Barton, V.R. Bhethanabotla and SW. Campbell, J. Chem. Eng. Data, 41
(1996) 1138-1140.

J. Singh and G.C. Benson, Can. J. Chem., 46 (1968) 1249-1254.

A.G. Pradhan, V.R. Bhethanabotla and S.W. Campbell, Fluid Phase Equil., 84
(1993) 183-206.

V.R. Bhethanabotla and S.W. Campbell, Fluid Phase Equil., 62 (1991) 239-258.

J. Singh and G.C. Benson, Can. J. Chem., 46 (1968) 2065-69.



Table 1. Comparison of Kretschmer-Wiebe and Mobile Order Models for Selected Alkane +Alcohol Systems

Kretschmer-Wiebe Moabile Order

System(ref)  T(K) K'sg PBag(dmol) % P K'gg Pap(@mol) % P
n-pentane 303.15 396 873.9 0.5 42.8 3542 1.7
+ methanol ~ 372.7 443  956.0 11 12.7 160.7 2.3
(11, 12) 397.7 20.6 9445 0.5 8.10 01 14

422.6 105 903.6 04 511 -1203 1.2
n-pentane 303.15 285 537.8 0.3 30.8 2017 11
+ ethanol 372.7 345 6126 04 8.85 198.0 0.3
(11, 13) 397.7 149  766.6 1.0 531 261.1 038

422.6 899 726.3 0.6 3.75 1755 03
n-heptane 303.15 176 319.7 0.3 174 189.3 0.8
+ 1-butanol  333.15 81.0 3247 0.1 11.0 156.8 0.4
(10, 14) 363.15 33.0 366.0 0.1 6.57 1386 04
n-hexane 283.16 237 226.5 04 13.18 1634 0.7
+ 1-decanol  303.15 141 242.8 0.3 9.71 1679 0.6
(15) 323.15 935 252.9 0.1 7.61 166.2 0.4

333.15 69.8 2649 0.1 6.34 1714 0.4
Overall Average Percent Deviation 04 0.9

(201 data points)

? K'gg = Kgp/Vp

b average percent deviation in pressure



Table 2. Size Parameters r and Self-Association Constants* K' or K at Reference
Temperature T, for Alcohols

Alcohol r T,«(K) K K'
methanol 1.00 303.15 396 42.8
ethanol 1.44 303.15 285 30.8
1-propanol 1.85 303.15 236 24.4
2-propanol 1.89 303.15 148 19.3
1-butanol 2.26 303.15 176 174
2-methyl-1-propanol 2.28 303.15 107 134
2-butanal 2.27 303.15 69.0 10.1
2-methyl-2-propanol 2.34 313.15 51.3 8.55
1-pentanol 2.67 313.15 120 12.7
2-pentanol 2.69 313.15 56.6 8.03
3-pentanol 2.66 313.15 43.0 6.82
2-methyl-1-butanol 2.66 313.15 87.5 10.6
2-methyl-2-butanol 2.69 313.15 44.4 7.02
3-methyl-1-butanol 2.68 313.15 109 11.9
3-methyl-2-butanol 2.66 313.15 57.4 8.12
1-decanol 4.70 303.15 141 9.71

a8 K'=K/V for mobile order mode



Table 3. Application of Kretschmer-Wiebe and Mobile Order Models to Alcohol + Alcohol Systems

System (ref) T(K)

methanol+ ethanol (11) 303.15
methanol + 1-propanol (16) 333.17
methanol + 1-butanol (17) 298.15
methanol + 2-methyl-1-propanol (17) 298.15
methanol + 1-pentanol (18) 313.15

methanol + 2-methyl-1-butanol(18) 313.15

methanol + 3-methyl-1-butanol(18) 313.15
methanol + decanol (19) 293.15
303.15
313.15
323.15
ethanol + 1-propanol (20) 303.15
ethanol + 2-methyl-1-propanol(21) 303.15
ethanol + 1-decanol(19) 293.15
303.15
313.15
323.15
1-propanol + 1-decanol(22) 293.15
303.15
313.15
323.15
methanol + 2-butanol (17) 298.15
methanol + 2-pentanol (18) 313.15
methanol + 3-pentanol (18) 313.15
methanol + 3-methyl-2-butanol(18) 313.15
ethanol + 2-propanol (20) 303.15

methanol + 2-methyl-2-propanol (17) 298.15
methanol + 2-methyl-2-butanol (18) 313.15

Overal Average Percent Deviation (475 data points)

Kretschmer-Wiebe Mobile Order

Cag Bag(dmol) % P C,g  Pag(Imol) % P
1.04 120.3 006 104 914 0.05
1.01 130.0 013 1.02 5.9 0.13
1.02 304.6 022 104 103.0 0.21
1.02 198.7 0.14 1.04 51.3 0.18
1.01 3917 0.07 105 127.4 0.08
1.05 399.6 0.05 1.07 127.0 0.13
1.02 349.2 013 105 79.8 0.09
0.90 8294 0.33 1.00 316.5 0.49
0.89 798.7 044 100 295.9 0.54
0.90 819.3 0.26 1.00 274.9 0.56
090 819.2 0.28 1.00 251.3 0.57
1.04 1593 0.07 103 113.1 0.06
1.07 249.4 0.19 1.05 167.1 0.19
0.97 354.0 014 102 111.2 0.27
0.96 332.0 0.07 1.02 87.4 0.24
096 327.3 0.07 1.02 74.6 0.26
0.97 343.0 015 104 85.3 0.33
099 2146 024 103 104.6 0.30
098 204.4 0.17 103 92.3 0.33
0.98 201.8 012 103 84.2 0.27
0.99 201.7 0.10 103 71.0 0.22
1.21 3208 025 1.15 10.2 0.08
1.17 3635 0.08 1.16 52.6 0.22
1.24 3920 010 1.20 60.1 0.32
1.20 3479 012 1.19 40.2 0.20
1.06 92.0 0.04 105 39.6 0.04
1.35 121.2 011 129 -207.2 0.35
1.34 1776 0.63 1.28 -190.0 1.02

0.16 0.26
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Figure 1. Dependence of Self-Association Constants K on Temperature T for Kretschmer-
Wiebe and Mobile Order Models (K isK' for Mobile Order and K™ for Kretschmer-Wiebe)
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